Transoral robotic surgery (TORS) is increasingly employed as a treatment option for squamous cell carcinoma of the oropharynx (OPSCC). Measures of surgical learning curves are needed particularly as clinical trials using this technology continue to evolve.
S ince its first described surgery in patients in 2008, transoral robotic surgery (TORS) for the resection of oropharyngeal squamous cell carcinoma (OPSCC) has increasingly gained use. 1, 2 It has been rapidly adopted owing to its reported excellent oncologic outcomes, hope for improved longterm functional outcomes compared with chemoradiation and the possibility for de-escalated adjuvant radiotherapy. [2] [3] [4] With this rapid adoption of a new surgical technology, there has been increasing need on the part of hospital and clinical trial credentialing committees to determine adequacy of training and experience of TORS surgeons. 5 A recent guideline from the 2015
American Head and Neck Society (AHNS) Education Committee, American Academy of Otolaryngology-Head and Neck (AAO-HNS) Surgery Robotic Task Force, and AAO-HNS Sleep Disorders Committee provided a reference for institutions charged with training and credentialing robotic head and neck surgeons but still noted the wide variety in credentialing practices across the country. 5 It suggested a minimum of 20 cases (10 bedside/10 console) for graduates of a residency or fellowship program with TORS training or 2 proctored cases for those surgeons completing approved training courses. The NCI-funded ECOG 3311 trial, which is the largest of several prospective trials evaluating the oncologic efficacy of TORS, requires surgeons to have completed 20 oncologic T O RS c a s e s p r i o r t o c r e d e n t i a l i n g , a m o n g o t h e r requirements. 4 Recently, the ECOG 3311 study team reported a positive margin rate of approximately 3% suggesting that credentialing using a minimum experience of 20 cases was reasonable; however, there is little objective evidence supporting this number. 6 Unfortunately, data on learning curves in TORS for OPSCC is lacking, leaving decisions to be made primarily based on expert opinion. The theory of the learning curve is predicated on worse performance at the start of training, followed by better performance with experience. A learning curve that reflects this theoretical learning process would rise initially, and then fall as the trainee acquires skill and performance improves. Published reports of learning curves for TORS have focused on robotic set-up time or time to resection and range from 20 to 42 cases, with consensus suggesting that 20 cases tends to herald the end of a learning period. [7] [8] [9] These studies included both benign and malignant tumors as well as nonoropharyngeal subsites, limiting their interpretability. In addition, no reports could be identified that evaluated margin status, which would be of great interest to an oncologic TORS surgeon, particularly in the effort to avoid "3 modality" therapy because a positive margin would generally mandate high-dose chemoradiotherapy (CRT), obviating upfront surgery in good prognosis cases. Cumulative sum (CUSUM) learning curves have been developed to evaluate procedural failures over time, such as a positive margin, and have been employed previously for the study of surgical learning and quality monitoring in general and in robotic surgery in several surgical fields. [10] [11] [12] An individual surgeon's performance over time can therefore be measured by comparing individual outcomes against an internal standard (his own overall average performance) or against an external standard supported by literature, such as an acceptable positive margin or complication rate. The CUSUM is an accepted metric for evaluating learning effects. 13 We therefore designed this retrospective study to investigate the learning curves regarding tumor margin status of 3 experienced oncologic TORS surgeons. We hypothesized that evidence of learning would be seen at 20 cases, based on the existing literature.
Methods
This is a retrospective cohort study of all TORS cases performed for oropharyngeal squamous cell carcinoma at the University of Pittsburgh Medical Center between March 2010 and March 2016. Surgeons A and C were active for the entirety of the study period, whereas surgeon B was credentialed from March 2011 to March 2016. All procedures were performed with either the DaVinci Si or Xi system (Intuitive Surgical, Sunnyvale, CA). Approval for this study was obtained from the University of Pittsburgh institutional review board. Informed consent was waived owing to the retrospective nature of this study. The surgery schedule was searched for all cases of TORS of the oropharynx. Cases were excluded if part of the surgery involved a subsite of the upper aerodigestive tract outside of the oropharynx, for nonmalignant abnormality, for nonsquamous histology, unknown primary at the time of surgery, no tumor in the main oropharyngeal specimen, surgery requiring free flap reconstruction, and for an inability to define margin status (ie, only diagnostic procedure). Three surgeons performed all procedures as received through referral patterns. Baseline patient characteristics and postoperative course data was obtained through medical record review. Cases were stratified by surgeon and ordered chronologically. Analyses of learning curves were conducted using the CUSUM technique. In this method a constant failure rate is assumed over the observation period such that each successful case causes the learning curve to be adjusted downward by an amount representing the expected failure rate. A failure is denoted by a rise in the CUSUM curve. If on average the number of failures agrees with the expected rate the curve will be flat. An increase denotes learning is occurring until the curve either flattens or turns downward.
The primary metric selected for evaluating competency in robotic TORS oropharyngeal surgery was final margin status. Secondary competency measures included initial margin status (ie, initial main specimen or surgical field margins), time
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Question This study assesses learning curves for the oncologic transoral robotic surgery (TORS) surgeon and elucidates the number of cases needed to identify the learning phase.
Results In this analysis learning curves for TORS for oropharyngeal cancer were surgeon-specific but tended to show inflection points between 20 and 30 cases.
Meaning Evidence for learning should be tracked for surgeons using TORS as an oncologic treatment modality, which may be used as a guide to assist with surgeon credentialing.
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Original to resection, duotube placement rate, hospital length of stay, and 30-day readmissions. Bleeding rates were not included as a measure of learning because halfway through this series all 3 surgeons began ligating branches of the external carotid to attempt to reduce severe bleeding complications of TORS.
14 Thus it was not felt that it would be an appropriate measure of surgical learning curve because it was a new surgical procedure. Margin status was determined after review of the pathology reports by the primary author and the operating surgeon with agreement on final margin status by both parties. Time to resection was defined as time from initiation of robot docking to resection of the main specimen. This included time for marking of the specimen. Owing to similarity among risk profiles for each surgeon, the individual surgeon average was chosen as the reference standard. Categorical metrics margin and 30-day readmission used the surgeon average over the series. The continuous metrics, time to resection and hospital length of stay, used the surgeon individual mean and standard deviation. The computation methods used for the analysis can be found in Grunkemeier et al. 15 Additional statistical methods included the comparison of baseline patient characteristics by surgeon using a χ 2 or
Cochran-Armitage trend test for categorical variables and a Kruskal-Wallis test for continuous variables.
Results
During the study period, there were 382 transoral robotic procedures identified. Cases were excluded for involvement of the nonoropharyngeal subsites of the upper aerodigestive tract (39 cases), nonmalignant abnormality (71 cases), nonsquamous histology (13 cases), unknown primary (68 cases), no tumor in the main oropharyngeal specimen (12 cases), inability to define margin status (13 cases), and free flap reconstruction (6 cases (Table) . Mean (SD) time to resection including robot set-up was 79 (36.9) minutes. There was no statistically significant difference in time to resection between the 3 surgeons. Of 159 patients, 29 The overall final positive margin rate was 22 (13.7%) of 160 and was similar between the 3 surgeons (surgeon A, 14.7%; surgeon B, 13.5%; surgeon C, 12.7%). Inflection points for final margin status were 27 cases (surgeon A) and 25 cases (surgeon C) (Figure 1 ). There was no inflection point identified for final margin status for surgeon B. Inflection points for initial margin status were 15 cases (surgeon B) and 22 cases (surgeon C) ( Figure 2 ). There was no inflection point identified for initial margin status for Surgeon A. Inflection points for mean time to resection were 40 cases (surgeon A), 30 cases (surgeon B), and 27 cases (surgeon C) (Figure 3) . There was no consistent evidence of a learning curve for duotube placement rate, hospital length of stay, or 30-day readmissions. To investigate whether experience and skill acquisition was commensurate with increased case difficulty, we examined temporal change in the proportion of base of tongue vs tonsil or distribution of T stage. There was no significant change in either measurable variable over time suggesting no evidence of risk shift or more difficult cases as the surgeon progresses in skill and comfort with the instrumentation.
Discussion
Learning curves have been used in the medical literature both to demonstrate evidence of skill acquisition and competence, which would be anticipated as an operator gains experience, and also to show changes in performance over time. This assumes worse performance at the start of a new technique (soon after training), followed by better performance with experience, higher case numbers, and greater complexity. This is the first study to demonstrate evidence for a learning curve for margin status after TORS. In this study of learning curve for TORS for OPSCC we found that the CUSUM learning curve is variable by surgeon but ranges between 15 to 40 cases depending on the metric chosen, with most learning curves showing inflection points by 30 cases. This is longer than our hypothesized inflection point of 20 cases. A particularly good example of a learning curve in our series is final margin status for surgeon C, which shows a cluster of positive margins early in his TORS experience followed by fewer positive margins later on (and none after case 40, which may be owing to acquisition of surgical skill or a lucky run of cases). However, the inflection point is not a static number and could change as surgeon experience grows. Previous studies have suggested that learning curves for TORS typically peak between 20 to 42 cases. Genden et al 8 published his first 20 cases, and of the 18 cases which were taken to completion, he showed improvement in robot setup time by the end of his series. Resection times were not reported but both benign and malignant tumors were included, which would make resection times more difficult to interpret because cases of benign tumors have been reported by others to have significantly shorter resection times. 3 White and Magnuson 7 reported their first 168 TORS cases, divided them into chronological quartiles (42 patients each), and reported significant improvement in operative time, duration of intubation, and hospital stay after the first 42 cases. While cases of both benign and malignant tumors were included, there was an equal distribution of these cases in each quartile. Margin status was not reported in this series. O'Malley and Weinstein 9 suggest that 20 is the number of cases needed to reach the peak of a learning curve. Using themselves as a reference standard, they have found that neophyte TORS surgeons tend to reach the operative times of an expert after about 20 cases. They also note that margin status does not tend to improve over time, although these data are not shown. Given the limited evidence in the literature, a recent set of guidelines by the 2015 AHNS Education Committee, AAO-HNS Surgery Robotic Task Force, and AAO-HNS Sleep Disorders Committee recommended at least 20 cases (divided between bedside and console) for surgeon training in residency fellowship and a full training course, observation of an experienced TORS surgeon, 2 cadaver dissections, and 2 proctored TORS cases for those surgeons already in practice; however, they noted that their recommendations were based on limited evidence in the literature.
5
While time to resection is an important measure of surgeon competence we feel that margin status is of greater importance to an oncologic TORS surgeon. Clinical trials, in particular, need to be able to credential surgeons who have reached the endpoint of their learning curve. For instance in ECOG 3311, the goal of the trial is to ask whether postoperative radiotherapy could be reduced (deintensified) in good to intermediate prognosis cases, where R0 surgical resection had been rendered upfront. Thus, "learning" on the trial by each surgeon was deemed unacceptable, and a novel credentialing process was designed and implemented. Of more than 100 surgeons who applied, approximately 75 active surgeons have been credentialed. This has led to accrual of over 325 case with an aggregate positive margin rate of approximately 3%. 6 In this study we found final margin status to be a valid measure of surgeon competence with a peak for 2 of the 3 surgeons between 25 to 27 cases. The third surgeon (surgeon B) has a relatively flat learning curve which may be owing to that surgeon's lower number of cases, and with more cases there may be a more clear inflection point to his learning curve. His learning curve for initial margin status has an inflection point at 15 cases. Surgeon A had a flat learning curve for initial margin status while surgeon C's learning curve had an inflection point at 22 cases, similar to his inflection point for final Research Original Investigation Learning Curves for Transoral Robotic Surgery for Oropharynx Carcinoma margin status. Each of the 3 surgeons had a clear inflection point for time to resection with all but 1 (surgeon A) reaching that point by 30 cases. Therefore, we conclude that evidence of learning using these 3 metrics can be seen for at least 2 of 3 surgeons and that most of these inflection points occur between 20 and 30 cases. Of note, our positive margin rate (13.7%) is higher than others have reported in the literature, which generally ranges from 5% to 10%. 1, 3, 16 We feel this is likely owing to the inclusion of an unselected group of patients and our reporting as an intention to treat (ie, all patients with an attempt at resection are included). In addition to final margins and time to resection we investigated the utility of surgical field margins, length of hospital stay, and 30-day readmission rate as potential learning metrics. None of these additional metrics were useful and may be insensitive to or overly crude indicators of skill acquisition. Longer surgical series may be needed to demonstrate whether they have learning curve utility.
A posteriori, each of the individual surgeons was asked when subjectively they felt that they had reached the peak of their surgical learning curve. The times were variable: surgeon A answered 10 cases, surgeon B was unable to identify a specific time point, and surgeon C answered 30 cases. It would be valuable for future studies to ask this question prior to data analysis to gauge accuracy of surgeon intuition.
Limitations
There are several limitations of this study. Training or proctored cases were excluded. Each of these surgeons were trained in TORS after their residency/fellowship training and these results may not be applicable to those with experience during their primary training. In addition, each of these surgeons is an experienced head and neck surgeon with several years of open resection experience prior to attempting TORS. Furthermore our institution is a tertiary academic referral center and cases may be atypical compared with institutions offering TORS. We used each surgeon's overall positive margin rate as an internal standard, therefore assuming that these surgeons have reached competency by the end of their learning curves. It may be that if applied to an external standard (accepted positive margin rate) the results would be different. However, we do not feel that such a standard exists currently in the TORS literature. The primary endpoint, final margin status, was defined with input from the individual surgeon and thus is not an independent metric.
A strength of this study is that cases of benign tumors were not included, allowing us to focus exclusively on oncologic cases. Cases of benign tumors were excluded because margin status is not relevant and because time of resection has been shown to be considerably lower in these cases. However, it may be that surgeons master benign TORS before moving on to oncologic TORS. Another feature of this study is that we investigated whether, as learning progresses, the surgeon may be more willing to take on riskier procedures thereby dynamically abrogating quality improvement metrics. Although we did not see evidence for a shift to higher T classification tumors or more BOT tumors over time, it is possible that there is a shift to riskier procedures, therefore shifting the learning curve to the right.
We would advocate for publication of other surgeons' learning curves to better determine the range of normal for TORS for OPSCC and to develop standardized means. In addition, learning curves such as these reported should be maintained going forward as quality control mechanisms to evaluate surgeons over time for better or worse performance. 
